Introduction
Transverse instabilities are controlled by an active beam damper which corrects the orbit of individual proton bunches in the Fermilab booster synchrotron. The corrective signals, which are in reality processed versions of the beam pick-up data, are applied to the beam via power amplifier/deflector electrodes approximately one turn after sensing the bunch position. The electronic systems of the damper are configured as a closed-loop feedback arrangement.
A unique feature of the described damping electronics is that the feedback loop delay time is continuously adjusted such that the arrival time of the deflector signals correspond on a one-to-one time basis with the specific bunches needing orbit correction. Control of the loop delay throughout a machine 6 variation of 0.57 -to -0.99 is achieved with 2.7 nsec resolution over a 1400 nsec variable delay range. A 9 bit digital delay controller adjusts the delay during each machine cycle. (1) it controls nine series connected rf switches in a coaxial delay system and (2) it activates two transmission gates in the loop, each designed to discriminate against spurious transients and noise.
The loop forward gain, between position detector output and deflection electrodes is 46 dB maximum, and is adjustable over a wide range. The adjustable gain feature aids in establishing total loop gain, which in turn sets the closed loop damping rate and stability characteristics. The damping time constant is typically less than 200 psec at maximum gain.
The data transmission path utilizes rf signals to convey the position information through the delay system and to the power amplifiers. An Amplitude Modulation, Double Side Band, frequency division multiplex scheme is used for data transmission. The frequency band between 50 and 850 MHz is used for this purpose. Transverse displacement position data is transmitted on a carrier wave frequency of 250 MHz. Significant sideband energy covers the spectrum between 50 and 450 MHz. The position sense (polarity) data is transmitted on a separate carrier centered at 675 MHz. Significant polarity sidebands extend throughout the 500-to-850 MHz part of the spectrum. A signal spectrum, showing the distribution of signal power with frequency for a typical position signal is shown in the photograph of Figure 2 .
At the receiver, RCVR, the data is recovered by demultiplexing, demodulation, and amplification. The resultant signals are applied in complimentary form to the power amplifiers and thereafter to the deflectors.
The rationale which requires the rather complex transmission scheme outlined is that the position detectors output signal fidelity must be preserved if bunch--by-bunch operation is to be achieved. MA/MB is developed and subsequently the phase deviation associated with this ratio is produced by the rf processor. A double balanced mixer configured as a phase detector is used for demodulation and produces the normalized, displacement quantity, Vn, at baseband frequencies -dc-to-175 MHz. A more detailed description of a similar rf processor is contained in reference 3.
The beam position detector sensitivity is set by the output sacle factor amplifier, X24. This amplifier provides a nominal gain of 24 in the dc/l75MHzre-gion, provides a minimum of 20 dB attenuation for harmonious of the 317 MHz processor rf signals, and sets the sensitivity at 0.5 V/mm displacement.
Coaxial Cable Delay System
The damper feedback delay time is adjusted continuously during the acceleration cycle as is required by the changing revolution time of the proton bunches. The method used to secure the variable delay is shown in Figure 4 . A group of 9 semirigid, medium diameter, coaxial cables is connected to a group of 9 solid state fast transfer rf switches. These "three legged" switches4 are designed to connect the applied rf signals which contain the position data directly through the short direct path, In-to-Out, or through alternative paths via any or all of the cables, S o-to-S8' The short direct path gives a maximum delay of 10 nsec for the 9 switches. As much as 1410 nsec can be selected in 2.73 nsec increments for alternative routing through the cables. In conjunction with Z1200 nsec of fixed delay provided by a 7/8" diameter coaxial cable, the total delay is sufficient to keep the deflector signals in step with the proton bunches for all conditions of machine acceleration.
The rf switches have 30 dB isolation between any selected signal ports, VSWR <1.5, switching speed <30 nsec, switching tranisients <15 MV peak, insertion loss <2 dB, and power handling capability to 50 MW/50 Q. In addition, the rf switches provide double 50 ohm back terminations, BT, for the cable ports when the switching control commands the straight-through connection.
The back terminations dissipate trapped signal energy in the relatively hi-Q cables quickly and without multiple reflections. A I pad, E, Figure 4 , internal to each switch, provides straight-through path amplitude equalization. The 
